Background: Inhibition of the Na + /glucose co-transporter 2 is a new therapeutic strategy for diabetes. It is unclear how proximal loss of Na + (and glucose) affects the subsequent Na + transporters in the proximal tubule (PT), thick ascending limb of loop of Henle (TAL), distal convoluted tubule (DCT) and collecting duct (CD). Methods: Mice on a high fat diet were administered 3 doses streptozotocin 6 days prior to oral dapagliflozin administration or vehicle for 18 days. A control group of lean mice were also included. Body weight and glucose were recorded at regular intervals during treatment. Renal Na + transporters expression in nephron segments were analyzed by RT-qPCR and Western blot. Results: Dapagliflozin treatment resulted in a significant reduction in body weight and blood glucose compared to vehicle-treated controls. mRNA results showed that Na + -hydrogen antiporter 3 (NHE3), Na + /phosphate cotransporter (NaPi-2a) and epithelial Na + channel expression was increased, Ncx1, ENaCβ and ENaCγ expression declined (p all < 0.05), respectively, in dapagliflozin-treated mice when compared with saline vehicle mice. Na-K-2Cl cotransporters and Na-Cl cotransporter mRNA expression was not affected by dapagliflozin treatment. Na + /K + -ATPase (Atp1b1) expression was also increased significantly by dapagliflozin treatment, but it did not affect Atp1a1 and glucose transporter 2 expression. Western blot analysis showed that NaPi-2a, NHE3 and ATP1b1 expression was upregulated in dapagliflozin-treated diabetic mice when compared with saline vehicle mice (p < 0.05). Conclusion: Our findings suggest that dapagliflozin treatment augments compensatory changes in the renal PT in diabetic mice.
Type 2 diabetes mellitus is a major health problem affecting 415 million people worldwide [1, 2] . This represents 8.3% of the adult population, with equal rates in women and men [3] . From 2012 to 2015, approximately 1.5-5.0 million deaths each year resulted from diabetes [4] . Diabetes and hypertension frequently occur together [5] . Hypertension in these patients further increases their already elevated cardiovascular risks, yet is difficult to manage. Indeed, in about half of the diabetic population, blood pressure targets are not met despite the use of multiple blood pressure lowering drugs, including diuretics [6] [7] [8] .
Recently, dapagliflozin, a sodium-glucose co-transporter 2 (SGLT2) inhibitor, was introduced as a novel class of glucose-lowering agents for the treatment of type 2 diabetes. As SGLT2 is responsible for approximately 90% of the filtered glucose reabsorption in the proximal tubule (PT) segment 1 and 2 [9] [10] [11] , its inhibition reduces renal glucose and sodium (Na + ) reabsorption, leading to urinary glucose excretion and a reduction in blood glucose levels [12] . Therefore, dapagliflozin is an efficient novel drug to treat patients with type 2 diabetes mellitus [13] [14] [15] [16] .
Some studies have also demonstrated that SGLT2 inhibitors exhibit an impressive diuretic effect and consequent blood pressure reduction, whereas others described modest effects on volume status [17] [18] [19] [20] . SGLT2 inhibition reduces PT Na + reabsorption and thereby increases the distal tubular Na + load, which inhibits the renin-angiotensin-aldosterone system activation [21] . The kidneys efficiently reabsorb 99% of filtered Na + by the combined action of (i) the PT where 60-70% is reabsorbed via Na + -hydrogen antiporter 3 (NHE3), SGLT1 and SGLT2 [22] ; (ii) the thick ascending limb (TAL) of Henle's loop that is responsible for 15-25% reabsorption via paracellular routes and Na-K-2Cl cotransporter (NKCC2); (iii) the distal convoluted tubule (DCT) that reabsorbs 15-25% via the thiazide-sensitive Na-Cl cotransporter (NCC) [23] ; (iv) the collecting duct (CD) where the ENaC facilitates the reabsorption of the remaining 1-2% [10, 24] .
A recent study has found that treatment with an SGLT2 inhibitor increases the expression of urea transporter-A1, aquaporin-2 and NKCC2 proteins [1] . However, a systematic analysis of the compensatory mechanisms that regulate renal Na + reabsorption after SGLT2 treatment is lacking. Knowledge of which nephron segment compensates for proximal Na + loss is of great fundamental and clinical interest, as this would provide the major pharmacological target for antihypertensive treatment.
The purpose of this study was to identify the compensatory impact of proximal Na + wasting by the SGLT2 inhibitor, dapagliflozin, on renal Na + transporters in highfat diabetic mice.
Materials and Methods
The Following Primary Antibodies Were Used NCC (Millipore, Billerica, MA, USA; #AB3553; immunoblotting [IB] 1: 2,000), and sheep anti NKCC2, IB 1: 2,000 [25] , Na + / phosphate cotransporter (NaPi-2a; kind gift of Dr. Custer et al. [26] ; IB 1: 2,000), NHE3 (Millipore, Billerica, MA, USA; # AB3085; IB 1: 500) [27] , ATP1b1 (Merck KGaA, Darmstadt, Germany; # 05-382; IB 1: 500) [28] . Secondary antibodies were as follows: peroxidase conjugated goat anti-rabbit (Sigma-Aldrich; # A4914; IB 1: 10,000); peroxidase conjugated sheep anti-mouse (Jackson ImmunoResearch Laboratories Inc., West Grove, PA, USA; #515-035-003; IB 1: 10,000).
Buffers
Lysis buffer: 150 mM NaCl, 50 mM Tris-HCl (pH 7.5), 1 mM EDTA, 1 mM EGTA, 1 mM sodium-orthovanadate, 1% (v/v) Triton X-100, 10 mM sodium-glycerophosphate, 50 mM sodium fluoride, 0.27 M sucrose, 10 mM sodium pyrophosphate, containing freshly added tablet of complete protease inhibitor cocktail (Roche, Basel, Switzerland) and 0.1% (v/v) β-mercaptoethanol. SDS-PAGE sample buffer: 5× 10% (w/v) SDS, 10 mM β-mercaptoethanol, 50% 
Animal Model
Adult Swiss male mice (Harlan, Oxon, UK) at 16 weeks of age were housed in an air-conditioned room at 22 ± 2 ° C with 12: 12 h light/dark cycle. Mice had free access to high-fat diet (45% AFE Fat; Special Diet Services, Witham, UK; total energy 26.15 kJ/g). An additional lean group had free access to standard rodent chow (Teklad Global 18% Protein Rodent Diet; Harlan, UK; total energy 13.0 kJ/g). All animals were free to access drinking water and respective diet, and no adverse effects were observed during the entire experimental study. All experiments were performed according to the Principles of Laboratory Animal Care (NIH publication no. 86-23, revised 1985) and UK Home Office Regulations (UK Animals Scientific Procedures Act 1986).
Experimental Treatments
Mice commenced high-fat diet on day -20 and remained on this diet for the duration of the study. On day -6, streptozotocin (50 mg/ kg; i.p.; Sigma-Aldrich, Dorset, UK) freshly prepared in ice-cold 0.1 M Na + citrate buffer (HCl/pH 4.5) was administered 3 doses in total over a period of 6 days to induce diabetes. On day 0, one group of high-fat mice (n = 8) commenced daily treatment with dapagliflozin (1 mg/kg; p.o.; Stratech Scientific Ltd., Suffolk, UK) for 18 days, whereas high-fat control group (n = 8) received saline vehicle (0.9% w/v NaCl; p.o.) once-daily for the same time period. The volume for the oral gavage was 100 μL. A diagrammatic representation of the experimental design is shown in Figure 1 . Quantitative Analyses of Gene Expression At study termination, total RNA was extracted from mouse kidney tissues with Trizol (Invitrogen, Carlsbad, CA, USA) according to the manufacturer's protocol. Subsequently, mouse RNA samples were subjected to DNase treatment to prevent genomic DNA contamination and the reverse transcriptase reaction was subsequently performed to synthesize cDNA [29] . mRNA levels of the target genes were determined by relative RT-qPCR following the MIQE guidelines 20 with a CFX96TM Real-Time PCR Detection System (Bio-Rad Laboratories, Hercules, CA, USA) using iQTM SYBR Green Supermix (Bio Rad) detection of single PCR product accumulation. Each group had 8 kidneys and RT-qPCR experiments were commenced in triplicate. Primers for SGLT2, SGLT1, NHE3, NaPi-2a, NKCC2, NCC, Ncx1, ENaC (α, β, γ) were purchased from Biolegio BV (Nijmegen, Netherlands). In this study, gene expression levels were normalized to the expression levels of the standard speciesspecific reference genes glyceraldehyde 3-phosphate dehydrogenase. Here, the relative mRNA expression was analyzed using the Livak method (2 -ΔΔCt ). Primer sequences are shown in Table 1 .
Dapagliflozin and Renal Sodium Transporters

Protein Isolation
Kidney tissues were isolated from mice and homogenized in ice cold lysis buffer. The kidney lysates were clarified by centrifugation at 4 ° C for 15 min at 16, 110 g and supernatants stored at -80 ° C. Bradford method was used to determine protein concentrations according to the manufacturer's protocol (Bio-Rad).
Immunoblotting
Lysates (20 μg) in SDS sample buffer were added to electrophoresis on Criterion TGX precast gels (Bio-Rad) and then the gels were transferred to PVDF membranes. The membranes were blocked in TBS-T containing 5% (w/v) non-fat dry milk (NFDM) for 1 h at room temperature. Subsequently, they were immunoblotted at 4 ° C with primary antibody overnight. Next day, the blots 
SGLT2, sodium-glucose co-transporter 2; NaPi-2a, Na+/phosphate cotransporter; NKCC2, Na-K-2Cl cotransporter; NCC, Na-Cl cotransporter; ENaCα, epithelial Na+ channel; Glut2, glucose transporter 2; GAPDH, glyceraldehyde 3-phosphate dehydrogenase. Timeline for the experimental study. Group 1 (lean control): lean mice on normal diet for 38 days. Group 2 (high-fat controls): mice commenced a high fat diet on day -20 and subsequently received STZ treatment on day -6. At day 0, saline vehicle was administered for 18 days. Group 3 (high-fat dapagliflozin): mice commenced high fat diet on day -20 and subsequently received STZ on day -6. At day 0, dapagliflozin was administered for 18 days. Lean, lean control mice; HFD, high fat diet treatment; DAPA, dapagliflozin-treated mice; STZ, streptozotocin-treated mice.
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were washed with TBS-T to remove unbound primary antibody and incubated with horseradish peroxidase conjugated secondary antibodies for 1 h at room temperature. After subsequent washes, the protein was visualized with chemiluminescent reagent (SuperSignal West femto/pico; Thermo Scientific, Waltham, MA, USA) and processed with the Bio-Rad ChemiDoc XRS. The NaPi-2a, NaPi-2c, NHE3, NCC, NKCC2 and ATP1b1 bands on the immunoblots were quantified with gel analyzer.
Statistical Analyses
Data is shown as means ± SEM. One-way ANOVA followed by Scheffe's test was used to examine the differences between groups. A p value < 0.05 was considered statistically significant.
Results
Effects of High-Fat Feeding and Dapagliflozin on Body Weight and Blood Glucose
Mice receiving the high-fat diet increased in body weight from day -20 to day 0 more than those receiving normal chow (p < 0.05). From day 0 to 18, high-fat control mice displayed a further modest increase in body weight (p < 0.05), whereas mice treated with dapagliflozin exhibited a significant reduction in body weight (p < 0.05). Body weights of lean mice did not differ during the study. High-fat control mice displayed increased blood glucose concentrations from day 0 to 18 (p < 0.05). In contrast, high-fat mice treated with dapagliflozin exhibited a marked reduction in blood glucose (p < 0.05). Glucose concentrations were unchanged in lean mice. Results are shown in Table 2 .
The Effect of Dapagliflozin on Na + Transporter Expression in the PT RT-qPCR was performed to analyze the renal expression of SGLT1, SGLT2, NHE3, NaPi-2a in the dapagliflozin-treated and control group mice. NHE3 and NaPi-2a gene expression was increased significantly by 33 and 34% (p < 0.05 each), respectively, in the dapagliflozin-treated mice compared to high-fat control group (Fig. 2c, d ). In contrast, there were no significant differences in the expression of SGLT2 and SGLT1 (p > 0.2) between the dapagliflozin-treated group and the vehicle-control group (Fig. 2a, b ). Protein expression level of NaPi-2a and NHE3 was further investigated by Western blot analysis (Fig. 2e) . The expression of NaPi-2a and NHE3 was increased by 55 and 139% in the dapagliflozin-treatment group when compared with saline vehicle diabetic mice (p < 0.05; Fig. 2f, g ).
The Effect of Dapagliflozin on Na + Transporter Expression in TAL and DCT
In order to study the effect of dapagliflozin on the expression of the Na + transporters in the TAL and DCT, the expression of NKCC2, NCC and Ncx1 was analyzed by RT-qPCR. The expression of NKCC2 and NCC tended to increase by 23 and 17%, respectively, in the dapagliflozin treatment group (Fig. 3a, b) . However, these changes did not reach statistical significance. The expression of Ncx1 decreased by 27% in the dapagliflozin treatment group when compared with that of the vehicle-control group (p < 0.05; Fig. 3c ). Dapagliflozin treatment did not alter NCC and NKCC2 protein abundance when compared with saline vehicle diabetic mice (Fig. 3e, f) .
The Effect of Dapagliflozin on Na
+ Transporter/ Channel Expression in the CD To further investigate the effect of proximal Na + loss on the CD, we tested the expression of the ENaC (α, β and γ) by RT-qPCR. Dapagliflozin treatment increased the expression of epithelial Na + channel (ENaCα) by 29% when compared with vehicle-control mice (p < 0.05) (Fig. 4a) . In addition, the expression of ENaCβ and ENaCγ declined significantly by 13 and 26%, respectively, in the dapagliflozin-treated group compared to vehiclecontrols (p < 0.05 each; Fig. 4b, c) .
The Effect of Dapagliflozin on Expression of Na + -K + -ATPase and Glucose Transporters
We also evaluated the effect of dapagliflozin on glucose transporter 2 (Glut2) and Na + -K + -ATPase transporters by RT-qPCR. The expression of Atp1b1 was significantly increased by 32% in the dapagliflozin-treated mice compared to that of the vehicle-control group (p < 0.05; Fig. 5b ). The expression of Atp1a1 was not changed in the dapagliflozin-treated group (p > 0.2). Dapagliflozin treatment caused a slight reduction in the expression of Glut2 compared to the vehicle-control group, but this effect failed to reach statistical significance (p = 0.08; Fig. 5a, c) . Western blot analysis was further used to investigate the protein expression level of ATP1b1 (Fig. 5d) . ATP1b1 expression was increased by 123% in the dapagliflozin-treatment group when compared with saline vehicle diabetic mice (p < 0.05; Fig. 5e ). 
Discussion
In this study, we demonstrated that the inhibition of SGLT2 increased the mRNA expression level of NHE3, NaPi-2a and ENaCα. Western blotting results show that the protein expression level of NHE3 and NaPi-2a was increased in dapagliflozin-treated mice. Moreover, ATP1b1 protein expression level was also increased. Our findings demonstrate that proximal inhibition of Na + reabsorption via SGLT2 is compensated by an increased expression of local Na + transporters in the PT but not in the TAL, DCT and CD.
The kidneys reabsorb large amounts of filtered glucose to clear urinary glucose, primarily through the Na + -dependent glucose co-transporter 2 (SGLT2) in the S1 segment of the PT. Inhibitors of SGLT2 are newly developed anti-diabetic agents and interfere with the pathway of physiological glucose reabsorption in the kidney. In this study, high fat and STZ induction significantly increased blood glucose when compared with lean group mice. In the dapagliflozin treatment group, we found that blood glucose level decreased significantly when compared with that of the vehicle-control group. In our study, STZ-induced diabetes decreased the SGLT2 expression. Albertoni Borghese et al. [30] have also demonstrated that STZ decreased the SGLT2 expression and activity. In contrast, the SGLT2 expression was increased in Akita/+ mice [31] , humans [32] with type 2 diabetes, and alloxan-induced diabetic rats [33] . Indeed, the use of different diabetic models may, therefore, result in different SGLT2 expression. However, despite lower SGLT2 expression in STZinduced mice, dapagliflozin treatment reduced blood glucose levels. We therefore expect that in other studies with higher SGLT2 expression, the observed effects may even be larger. Moreover, dapagliflozin treatment did not change SGLT2 expression in our experiment. The expres- sion of SGLT2 does not necessarily alter upon dapagliflozin treatment. Other studies also found that pharmacological SGLT2 inhibition does not affect the expression of SGLT2 [31, 34] . Given the reduction of blood glucose concentrations in the dapagliflozin-treated group at day 18 when compared with saline vehicle mice, the lowered SGLT2 expression did not impair the effects of dapagliflozin treatment. Therefore, we do not expect that this has a major impact on our results. SGLT2 inhibitors improve glucose control by inducing glycosuria, but they also reduce the reabsorption of Na + . Inhibition of Na + reabsorption in the PT will switch on compensatory systems in more distally located segments to counteract the proximal Na + loss. A recent study has shown that dapagliflozin treatment upregulated the expression of urea transporter-A1, aquaporin-2, and NKCC2 proteins [1] . However, little is known about the effects of SGLT2 inhibitors on the local and downstream Na + transporters. We investigated how proximal Na + wasting affects local and downstream Na + transporters/ channels' expression in high-fat diabetic mice.
The management of hypertension in diabetes is not without controversy [17] . Hence, the precise level at which anti-hypertensive therapy should be initiated and what the target blood pressure should be remain difficult issues. Many patients with type 2 diabetes receive multiple drugs to treat both hyperglycaemia and hypertension. The new class of SGLT2 inhibitors also induces renal Na + wasting and, therefore, will have blood pressure-reducing properties. However, some studies report an impressive diuretic effect and consequent reduction in blood pressure, while others described modest effects on volume status [17, 35] . It is known that the compensatory capacity of the kidney is immense [36] . The inhibition of Na + reabsorption in the PT will turn on compensatory systems in local or more distally located segments to counteract the proximal Na + loss.
In this study, dapagliflozin treatment significantly increased the mRNA expression level of NHE3, NaPi-2a and ENaCα. In line with the mRNA expression level, Western blot results showed that NHE3, NaPi-2a also increased in the dapagliflozin treatment group when compared to that in saline vehicle mice. Therefore, our results suggest that the inhibition of Na + -glucose transporter 2 in the PT can turn on the local and downstream Na + compensatory systems. Increased reabsorption of Na + may elevate blood pressure in the type 2 diabetes [37] [38] [39] . Wang et al. [38] showed that a changed expression of Na + transport in renal PT can be compensated by changes in more distal tubule in nephron, tubuloglomerular feedback and also by glomerular filtration rate adjustments. Nevertheless, extracellular fluid volume and consequently blood pressure can also be affected by the changed expression of sodium transport in PT. Sodium reabsorption initially happens at the PT apical membrane, therefore resulting in making apical sodium transport critical in adjusting the extracellular fluid volume and ultimately blood pressure control. Indeed, in polygenic human essential hypertension, the increase in sodium transport occurs at the PT and TAL of Henle [40] [41] [42] rather than in more distal nephron segments that is characteristic of monogenic hypertension [43] . Unfortunately, there were no plasma and urine electrolytes results in this study. Therefore, further studies are needed to better understand of the compensatory mechanisms of Na + transporters distal from the PT to adjust blood pressure control.
SGLT2 is located in the S1 segment and accounts for 90% of the glucose reabsorption from the kidneys [44] [45] [46] [47] . Na + absorption across the cell membrane creates an energy gradient that in turn allows the absorption of glucose. On the other side of the cell, Na + is extruded through Na + -K + -ATPase into the bloodstream [48] [49] [50] . The concentration gradient within the cell, resulting from this exchange drives glucose reabsorption into the bloodstream via GLUT2 [51] [52] [53] . In order to evaluate if the increased expression of Na + transporters in the PT and CD influenced the expression of Na + -K + -ATPase and GLUT2, we furthermore tested the expression of Atp1a1 and Atp1b1 and Glut2 transporters by RT-qPCR. The results revealed that the expression of Atp1b1 increased significantly in the dapagliflozin-treated group; however, the expression of Atp1a1 and Glut2 did not change. Furthermore, ATP1b1 protein expression level was also increased in the dapagliflozin-treated group. The increased expression of ATP1b1 may facilitate Na + to be transported into the bloodstream, which could lead to salt retention and hypertension. These effects may blunt the potential BP-lowering effects of the SGLT2 inhibitor. This is also a risk for the type 2 diabetes patients to have hypertension [54] .
In conclusion, we demonstrated that the SGLT2 inhibitor, dapagliflozin, increased the expression of NHE3, NaPi-2a in the PT. Furthermore, ATP1b1 was also upregulated, which may facilitate the uptake of the Na + into the blood.
